Comparative studies help to understand how the huge diversity in plant forms found in nature has been produced. We use legume species to study developmental differences in inflorescence architecture and flower ontogeny with classical models such as Arabidopsis or Antirrhinum. While the genetic control of these processes have been analysed mostly in pea, Medicago truncatula is emerging as a promising alternative system for these studies due to the availability of a range of genetic tools. To assess the use of the retrotransposon Tnt1 for reverse genetics in M. truncatula, we screened a small 
1

INTRODUCTION
Recent studies have underlined the importance of comparative studies when trying to understand the evolution and divergence of different plant forms and shapes in nature (Vandenbussche et al., 2003a; Irish and Litt, 2005) . Legumes are one of the largest plant families on earth and are second only to grasses in economic importance. One important agronomic trait is their ability to fix atmospheric nitrogen in symbiosis with bacteria of the genera Rhizobium, Sinorhizobium and Azorhizobium (Schultze and Kondorosi, 1998) . Development in many species of this family presents general and interesting characteristics that cannot be studied in other model species such as Arabidopsis thaliana. Examples of such traits are leaf complexity, complex inflorescence architecture and very different floral ontogeny and morphology (Hofer et al., 1997; Ferrándiz et al., 1999; Singer et al., 1999; Benlloch et al., 2002; Tucker, 2003) .
We are interested in the study of flower and inflorescence architecture in legume species. Flower development has been subject to detailed analysis in species such as Arabidopsis or Antirrhinum majus, but many questions can only be answered by genetic analysis of the process in species with different floral and inflorescence architectures. The inflorescence of legumes species such as garden pea or M. truncatula is more complex than that seen in Arabidopsis and Antirrhinum. Moreover, previous comparative studies revealed that the development of legume flowers also dramatically differs from these model species (Ferrándiz et al., 1999; Benlloch et al., 2002; Tucker, 2003) . The existence of "common primordia" to petals and stamens in both legume species, in contrast to the independent origin of these organs in Arabidopsis and Antirrhinum, is one of the intriguing differences that these studies have revealed. These common primordia are four ephemeral meristems that appear between sepal and carpel primordia, subsequently dividing in a stereotyped pattern to produce a specific number of petal and stamen primordia. Thus, once the common primordia have formed, genetic information has to be provided to both specify the pattern of organ primordia initiation and the identity of these primordia. While these genes only regulate flower development in Arabidopsis and Antirrhinum, in pea they regulate not only flower development but also the development of the compound leaf (Hofer et al., 1997; Taylor et al., 2001) . Another possible example would be the proposed role of the homologues of the genes that control floral organ identity in Arabidopsis in establishing the correct differentiation of organs from common primordia (Ferrándiz et al., 1999) . This hypothesis was based on the observation that pea floral mutants with phenotypes that resemble these caused by mutations in A, B or C-function genes in/of model species were affected not only in floral organ identity but also in the development of common primordia. For instance, in the C-type mutant petalosus subdivision of common primordia is abnormal, leading to the production of an increased number of organs; in stamina pistilloida, with a B-type phenotype, common primordia are larger and some of them behave as new floral meristems; and in callix carpellaris, with a phenotype similar to the Arabidopsis apetala2 mutants, common primordia were smaller or did not develop. Nevertheless, the involvement of ABC genes in common primordia development needs experimental confirmation, as the genes affected in most of these mutants have not been identified. Moreover, the STP gene turned to be not a B-function gene but a regulator of B-function.
Many of the key regulators of inflorescence and flower development belong to the family of MADS-box genes; this has been widely demonstrated not only for model plants, but also for many other species (Theissen et al., 2000; Theissen, 2001) .
MADS-box genes homologous to the key regulators of flower development in
Arabidopsis have been recently identified in several model legume plants, but the function of most of these is unknown (Dong et al., 2005; Hecht et al., 2005) . So far, those analyzed have been in pea, due to a long tradition of genetic studies and to the existence of mutant collections (Reid et al., 1996; Berbel et al., 2001; Taylor et al., 2002; Berbel et al., 2005; Hecht et al., 2005) . However, functional studies are difficult in pea, as the availability of efficient reverse genetic tools in this species is very limited.
The emerging model legume Medicago truncatula is a good choice of species to advance in these functional studies as it is genetically very close to pea (Choi et al., 2004; Wojciechowski et al., 2004) and presents a similar inflorescence architecture and floral ontogeny (Benlloch et al., 2002) . This suggests that genetic regulation of inflorescence and flower development could be very similar between pea and M. short generation times, self-fertility and relative ease of genetic transformation (Cook, 1999; Udvardi et al., 2005) . Large tagged mutant populations are of great value for functional studies, as demonstrated by the use of large T-DNA and transposon tagged mutant collections in model species such as Arabidopsis (Azpiroz-Leehan and Feldmann, 1997) . The use of retrotransposons for large-scale mutagenesis in model plants has been described before (Okamoto and Hirochika, 2001; Yamazaki et al., 2001 ). The retrotransposon Tnt1 from tobacco (Grandbastien et al., 1989) has been shown to effectively transpose in Arabidopsis and M. truncatula (Courtial et al., 2001; d'Erfurth et al., 2003) . The mechanism of transposition of Tnt1 requires a cytoplasmic phase, and this ensures its random dispersion in the genome. Further, the possibility to reactivate the Tnt1 transposon by in vitro culture makes it feasible to generate largescale Tnt1-tagged mutant populations of M. truncatula (www.eugrainlegumes.org/) and these have been proposed as useful tools for reverse genetics screenings in this species (d'Erfurth et al., 2003; Tadege, et al. 2005) . However, to date no mutants or genes have been isolated and characterized based on Tnt1 mutagenesis in Arabidopsis, M. truncatula or in tobacco itself and the isolation of mutants through reverse genetics has not been described in M. truncatula.
RESULTS
Reverse genetics screening of a Tnt1 insertion population of Medicago truncatula
To isolate Tnt1 insertions in MADS-box genes, we screened a population of 200 M. truncatula plants containing random insertions of the Tnt1 retrotransposon. These plants had been generated by transforming the M. truncatula R108 line (d'Erfurth et al., 2003) with the tnk23 Tnt1 construct described by Lucas et al. (1995) . Previous analysis of this population had shown that the genome of each transformed plant contained between 15 and 20 Tnt1 copies, on average (d'Erfurth et al., 2003) . To test whether tagged genes could be found by a PCR-based reverse genetic approach in this population, we designed degenerate primers based on the sequence of M. truncatula MADS-box genes present in the public databases. We designed three forward and two reverse degenerated primers for the MADS-box conserved region and used them for obtained in one DNA pool using the combination of MAD2 and LTR6 primers (Fig. 1) .
The same PCR reaction performed on individual plants from this pool identified plant line tnk148 as a candidate for a Tnt1 insertion in a MADS-box gene. A part of the 227 bp PCR product corresponded to a small fragment of 128 bp identical to the beginning of the coding sequence of the pea MADS-box gene PROLIFERATING INFLORESCENCE MERISTEM (PIM, , the likely orthologue of the APETALA1 (AP1) gene in Arabidopsis (Mandel et al., 1992; Berbel et al., 2001; Taylor et al., 2002) . The rest of the amplified sequence (99 bp) corresponded to the border of the long terminal repeats of Tnt1 (LTR) and confirmed that the amplified fragment represented an insertion of this retrotransposon into a MADS-box gene (Fig.   1B ).
To check whether the Tnt1 insertion caused any alteration affecting plant development, T2 plants from the tnk148 line were grown in the greenhouse and their phenotype was analyzed. Around one fourth of this population of tnk148 T2 plants exhibited a mutant phenotype that affected inflorescence architecture and flower development. In the mutant plants, flowers were replaced by a proliferation of meristems that eventually gave rise to abnormal flowers (see below).
Molecular characterization of the Tnt1 insertion
Sequence similarity and the phenotype observed in the progeny suggested that the Tnt1 element was inserted in a gene homologous to PIM/AP1. To better characterize the Tnt1 insertion detected in the tnk148 line, we used a fragment of the PIM gene corresponding to the C-terminal region of the polypeptide as a probe to screen a cDNA library from flowers and inflorescences of M. truncatula. Four cDNA clones corresponding to a gene that we named MtPIM were isolated. The longest cDNA clone was 1161 bp long and contained a 720 bp long ORF encoding for a 240 amino acid protein (Acc. No. DQ139345).
The protein encoded by the MtPIM cDNA ( Fig. 2A) showed high similarity to PIM (95% aa. identity), SQUAMOSA (SQUA, Huijser et al., 1992 , 71% identity) and AP1 (69%). It also showed similarity to CAULIFLOWER (CAL, Kempin et al., 1995) , which also belongs to the AP1/SQUA subfamily (Fig. 2B, 63%) . Interestingly, as already described for the PIM protein, the polypeptide encoded by MtPIM does not contain the CaaX prenylation motif present in the C-terminus of other AP1-like polypeptides (Yalovsky et al., 2000; Berbel et al., 2001) (Fig. 2A ).
In addition, we identified one BAC clone (AC144726, M. truncatula clone mth2- To further confirm the Tnt1 insertion in the MtPIM locus, a Southern blot analysis was performed with genomic DNA from wild-type plants and tnk148 plants exhibiting the mutant phenotype, using the complete MtPIM cDNA as a probe. According to the sequence of the BAC clone, in a wild-type background, a HindIII digestion probed with the entire MtPIM cDNA should generate two bands of 3.3 and 3.8 kb, respectively, while in the mutant plants the band of 3.3 kb should be shifted to 1.9 kb due to the Tnt1 insertion (Fig. 3A) . The results of this Southern blot experiment confirmed that in the mutant plants of line tnk148 the Tnt1 transposable element was inserted in the MtPIM gene ( Fig. 3B ).
Co-segregation test
To test whether the mutant phenotype co-segregated with the Tnt1 insertion in 
6
Northern blot analysis performed on RNA from different plant organs showed that MtPIM was specifically expressed in floral tissues, though a faint signal was also detected in stem (Fig. 4A ). No expression of MtPIM was detected in root or leaf tissue.
Expression of MtPIM was not detected in floral apices of the mtpim mutant (Fig. 4B ), indicating that the mutation caused by Tnt1 likely represents a null allele of the gene.
To detail the MtPIM expression pattern, in situ hybridization on wild-type inflorescence apices was performed ( Fig. 4C-H) . During flower development expression of MtPIM was first detected when the secondary inflorescence meristems started producing floral meristems (Fig 4C) . At stage 1 of floral meristem development (developmental stages as defined by Benlloch et al., 2002) , the expression was uniform in the entire floral meristem. At this stage, expression of MtPIM could also be observed in the subtending bract ( Fig 4D) . As the floral meristem developed, the expression was soon restricted to the peripheral region of the meristem from which whorls one and two would form ( Fig. 4E ). At stage 4, when common primordia are first observed, MtPIM was expressed in sepal and common primordia. Interestingly, from the beginning, the expression in common primordia was restricted to the region that would give rise to the petals (Fig. 4F ). The expression of MtPIM was maintained through all the development of the flower in sepals and petals (Fig. 4G ) though the signal became fainter in flowers at later developmental stages (Fig. 4H) .
mtpim shows proliferation of meristems, loss of sepal identity and defects in common primordia development
The insertion of Tnt1 in the MtPIM gene causes dramatic phenotypical changes affecting inflorescence and flower architecture (Figs. 5 and 6). The mutation seems to affect only reproductive stages of development, as no effect on vegetative organ development could be observed in the mutant plants.
In wild-type M. truncatula plants, flowers are produced by secondary inflorescence meristems (I 2 ) formed in the axils of the leaves produced by the primary inflorescence (I 1 ) ( Fig. 5A and B) . Each I 2 laterally produces one to three floral meristems on its flanks (usually one in M. truncatula R108), each subtended by a bract, and then the I 2 meristem differentiates into a residual stub or spike ( Fig. 5A and C) . The architecture of the mtpim mutant inflorescence was dramatically altered (Fig. 5 E-G) .
Each floral position, subtended by the corresponding bract, was occupied by a highly branched structure. The degree of ramification of these structures increased acropetally along the main stem, the apical structures appearing in upper nodes being more branched than the basal ones. SEM analysis of the inflorescences of the mtpim mutant revealed that I 2 meristems were normally produced by the I 1 . As in the wild type, each I 2 laterally differentiated new meristems, subtended by bracts, and then terminated as a spike (Fig. 6 C and D) . However, these lateral meristems, which in wild type gave rise to floral meristems, behaved as I 2 meristems in the mutant: rather than developing as flowers, they again laterally produced two new meristems subtended by bracts and differentiated into a spike. The two new meristems reiterated this symmetrical division pattern, giving rise to the proliferating structures observed in the mutant (Fig. 6 D and 
F-H).
Eventually, aberrant flowers were able to differentiate from these proliferating meristems (Fig. 6 I) . The frequency in which this occurred increased acropetally (Fig. 5 G). The number and nature of the organs in mtpim flowers were highly variable (Table   1 ). Sepals were typically reduced in number and transformed into organs similar to leaves both in shape and epidermal cell-types (Fig. 5H , and K-S). Second whorl organs were reduced in number and/or presented an altered morphology. The adaxial petal was frequently the only petal formed and, occasionally, mosaic organs of sepal and petal tissues were found (Fig. 5I ). Third and fourth whorl organs were frequently absent or reduced in number. Stamens often had patches of petaloid tissue (petaloid stamens; SEM analysis of the development of wild-type and mutant floral meristems showed that, in the mutant, the number of floral organ primordia initiated was reduced and their production did not follow the highly structured pattern observed in the wildtype floral meristems ( Fig. 6J and K) . This observation agrees with the variable number and nature of floral organs observed in second and third whorls of the mutant flowers.
While the mtpim mutation affected organ number in all floral whorls, phenotypic alterations were particularly evident in the patterning of the common primordia. In wildtype flowers, four common primordia arise between the sepal and carpel whorls, and subsequently divide in a fixed and precise pattern to give rise to 5 petal and 10 stamen primordia (Benlloch et al, 2002) . In the mtpim mutant flowers, common primordia were formed but did not follow the typical pattern of divisions, producing floral organs that were reduced in number and developed in abnormal positions. Moreover, as discussed below, the phenotypes of mtpim and pim are, in essence, rather similar, except that the phenotype of the M. truncatula mutant seems more severe than that of the pea mutant. This would mean that the second mutation would have to be affecting a gene playing a similar role than mtpim/pim. Therefore, though a second mutation can not be formally discarded, we do not consider this as a likely possibility.
DISCUSSION
MtPIM is very similar to the pea gene PIM, a likely orthologue of the AP1 and SQUA genes, from Arabidopsis and Antirrhinum, respectively. The MtPIM polypeptide lacks the C-terminal prenylation motif present in other members of the AP1 family, such as AP1, CAL or SQUA (Yalovsky et al., 2000; Berbel et al., 2001 ). This also occurs in PIM and supports the idea that this kind of posttranslational modification is not required for the AP1 function in legumes.
MtPIM expression pattern is similar to that described for AP1 and other AP1-like genes and agrees with the dual role that these genes have been proposed to play, first in specifying floral meristem identity and later on in floral organ identity (Berbel et al., 2001; Bowman et al., 1993) Antirrhinum flowers are, and transient expression of SQUA in the bract has also been described in this species (Huijser et al., 1992) . However, neither mtpim mutation nor squa affect bract formation, indicating that either they are not required for bract development or, alternatively, they are redundant in this role with other factors.
MtPIM specifies floral meristem identity: the mutation converts flowers into secondary inflorescences
In the mtpim plants the flowers are replaced by complex structures with inflorescence characteristics indicating that MtPIM is required for specification of floral meristem identity. In this view, mtpim flowers are replaced by "shoots", and the mtpim phenotype is equivalent to that of ap1, squa or pim mutants, from Arabidopsis, Antirrhinum and pea, respectively (Huijser et al., 1992; Bowman et al., 1993; Taylor et al., 2002) . The macroscopic phenotype of pim led to the suggestion that in the pea mutant the flowers could be developing as secondary inflorescences (Taylor et al., 2002) . Our detailed analysis by SEM clearly shows that in mtpim this is actually the case: floral meristems behave like I 2 meristems. A difference between mtpim and pim is that the proliferating phenotype is more extreme in mtpim than in the pea mutants (Taylor et al., 2002 , and our own unpublished observations). As at least one of the pea mutant alleles, pim-1, corresponds to a null mutation this difference probably reflects a higher degree of redundancy in the floral meristem specification in pea.
While the Arabidopsis ap1 mutants also exhibit flower to inflorescence transformations, in these mutants this transformation is not complete, since flowers are actually formed. ap1 flowers have normal stamens and carpels, but petals are absent and secondary floral meristems develop in the axils of the first whorl organs (Bowman et al., 1993) . In fact, the almost complete flower-to-inflorescence conversion in the pea and M. truncatula mutants more strongly resembles the phenotype of the Antirrhinum squa mutants. The strong proliferating phenotype of mtpim resembles that of Arabidopsis plants homozygous for mutations in both AP1 and CAULIFLOWER (CAL), a homologue to AP1, only found in Brassicaceae, which acts redundantly to specify floral meristem identity (Bowman et al., 1993; Lowman and Purugganan, 1999) .
A second AP1 homologue, PsMADS9, exists in the pea genome (our own showed defects in floral organ identity and number. These defects were quite variable and frequently affected the organs of the first and second whorls. A remarkable feature of mtpim flowers is that sepals were often converted into organs very similar to the leaflets that constitute the M. truncatula trifoliate leaf, indicating that MtPIM is involved in the specification of sepal identity. In this respect, the mtpim phenotype differs from that of ap1 or pim where sepals are converted into bracts, pointing again to a higher degree of redundancy in these latter species.
Organs from the second and third whorls of the M. truncatula and pea flowers derive from common primordia. These are four short-lived meristems that form between sepal and carpel primordia. Each of these meristems subsequently divide in a characteristic pattern to produce the petal and stamen primordia (Ferrándiz et al., 1999; Tucker, 2003) . The phenotypic characterization of pea floral mutants with defects in organ identity similar to classical abc mutants led to the proposal that floral organ identity genes would also control common primordia development, since most of these mutants showed aberrant patterning of second and third whorl primordia initiation in addition to homeotic changes in organ identity (Ferrándiz et al., 1999) . However, to date this hypothesis has not been confirmed, as the genes responsible for these mutations either remain unidentified or were not organ identity genes.
Interestingly, the mtpim mutation also affects the normal development of organs arising from the common primordia, i.e. petals and stamens, which were often abnormal, reduced in number and chimeric in nature. Sepal/petal and petal/stamen chimeras are also frequently observed in the pim mutant (J Hofer, personal communication, and our own unpublished observations). These mosaic organs seem to appear more frequently in the legume mutants than in ap1 or squa, possibly In summary, the mtpim mutation affects floral organ identity, as showed by the sepal-to-leaf transformations, but also seems to affect the specification of second and third whorl organs from common primordia, possibly by interfering with the establishment of boundaries during common primordia division. insertions showed no site specificity, were stably transmitted to the progeny and could be separated by segregation. All these characteristics led to propose Tnt1 as a tool for insertion mutagenesis in M. truncatula as it previously was for Arabidopsis (Courtial et al., 2001; d'Erfurth et al., 2003) . Nevertheless, to date no genes had been cloned and 
The isolation of MtPIM demonstrates that
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The isolation of MtPIM represents a proof concept that shows Tnt1 in fact efficiently works for gene tagging in M. truncatula and that Tnt1 populations constitute a useful resource for reverse genetics. Our analysis confirmed that the Tnt1 insertion causing the mtpim mutation showed no rearrangements, and that the mutant phenotype is stably inherited and shows a mendelian segregation. While the detection of the mtpim mutation in a starting population of only 200 Tnt1-tagged lines might look fortunate, it should be considered that they were independent lines with an average of 15-20 insertions per line, therefore representing up to 4000 Tnt1 inserts. Assuming that one third of the inserts are in genes (d'Erfurth et al., 2003) , 1300 genes could be tagged in this population. If the genome of M. truncatula contains 36 000 genes (Tadege et al., 2005) , one every 30 genes could be tagged in this small population.
Finally, it has also to be considered that we screened using degenerate primers against the large MADS-box gene family (more than 100 genes in Arabidopsis). Though it is clear that the small size of this population does not allow statistical analysis, the frequency that could be estimated seems to be in a range which is consistent with Tnt1 randomly inserting in the M. truncatula genome.
Though mtpim possibly represents the first report of a new mutant identified through reverse genetics in different model legumes, other mutant resources for reverse genetics are being developed in legumes. A TILLING platform is available for L. japonicus (Perry et al., 2003; Henikoff et al., 2004) and equivalent resources will be ready soon for pea, M. truncatula, and soybean (www.eugrainlegumes.org/; www.soybeantilling.org/). Also, a fast-neutron mutagenesis platform for reverse genetic screens will be available soon for M. truncatula (Li et al., 2001;  www.eugrainlegumes.org/). Obviously, mutations that will derive from these three approaches, Tnt1, fast neutron and TILLING, have very different characteristics and that make them useful for different purposes. Point mutations can be relatively costly to identify but TILLING should be useful to provide a range of mutant alleles of different degrees of severity. Detecting mutations in a sequence when caused by insertions or deletions should be easier. These mutations tend to cause null alleles and those can be useful to understand the function of genes; however they can cause lethal 13 interest in these species and, in general, will allow rapid progress in the understanding of the biology of this family of plants.
MATERIALS AND METHODS
Plant material and growth conditions
M. truncatula (ecotype R108) was grown in the greenhouse at 22ºC (day) and 18ºC 
PCR-based screen of a Tnt1 mutant population
The Medicago truncatula population used for the PCR-based screening of mutants was described in detail (d'Erfurth et al., 2003) . Briefly, the genomic DNAs from 200 primary transformant plants, containing the Tnt1 element, was extracted and pooled in 20 samples (10 plants/pool). PCRs were performed using these DNA pools as templates using degenerate oligonucleotides, annealing to the MADS-box conserved region (MAD2 and DAM1), and specific oligonucleotides (LTR6 and LTR31), annealing to the LTR borders of the Tnt1 element. The degenerate oligonucleotides were designed by aligning available MADS-box sequences from the TIGR Medicago Gene Index.
Primer sequences were as follows: 
Genomic DNA extraction and Southern Blot
Plant genomic DNA was extracted from leaves as described (Dellaporta et al., 1983) .
10 µg of DNA were digested with restriction enzymes and separated on 0.6% TAE 1x agarose gels overnight at 1 V/cm. Southern Blot analysis was performed by standard methods. The probe was a EcoRI/XhoI restriction fragment which includes the whole MtPIM cDNA.
Co-segregation test
PCR reactions were performed using of genomic DNA as a template 20 ng from each cloned into the pGemT-Easy vector (Promega). The hybridization signal was revealed by a purple precipitate when viewed under light microscope. The specificity of the hybridization signal was tested either by probing wild-type inflorescences with the sense probe or by probing mtpim inflorescences with the antisense probe; no hybridization was observed in either case.
Light microscopy and SEM
Light photographs of wild type and mtpim mutant flowers were obtained using a dissection microscope (Leica MZ8). Specimens were freshly harvested and dissected using forceps and scalpel. For SEM, samples were harvested, dehydrated, dried and 
